Background: We conducted a meta-analysis in order to investigate whether circulating adiponectin, an insulin-sensitizing hormone produced by adipocytes, is associated with breast cancer risk. Methods: A systematic literature search was performed in PubMed, Medline, EMBASE, ISI Web of Knowledge and the Cochrane Library. The summary relative risk (SRR) was calculated by pooling the different study-specific estimates using the random effect models. Meta-regression, subgroup and sensitivity analyses were carried out to investigate between-study heterogeneity and to test publication bias. Results: Data from 15 observational studies, published between 2003 and April 2013 for a total of 4249 breast cancer cases, were analysed. The SRR for the 'highest' vs 'lowest' adiponectin levels indicated a 34% reduction in breast cancer risk [95% confidence interval (CI): 13%-50%]. Between-study heterogeneity was not substantial (I 2 ¼ 53%). Ten
Introduction
Obesity is a well-recognized risk factor for postmenopausal breast cancer, [1] [2] [3] whereas controversial findings have been reported in premenopausal women. A large meta-analysis showed an inverse association between body mass index (BMI) and the incidence of premenopausal breast cancer. 4 On the other hand, recent data from two large prevention studies have demonstrated that premenopausal women with a high BMI are at increased risk for developing breast cancer. 5 The biological mechanisms linking obesity and cancer risk have not been fully elucidated, but it is now clear that adipose tissue is not only an energy storage site, since it also plays an active role in systemic energy balance and in other physiological pathways through the production and secretion of adipokines. 6 Adiponectin is an insulin-sensitizing hormone produced by adipocytes, together with other adipokines, for the maintenance of metabolic homeostasis. Interestingly, this hormone appears to have anti-inflammatory, antiatherogenic, anti-angiogenic and anti-diabetic properties. 7 Serum adiponectin levels are reduced in obesity and increased after severe weight loss. 8, 9 Low levels of adiponectin are also closely linked to insulin resistance and hyperinsulinaemia, 10 which were demonstrated to be positively associated with breast cancer risk 11, 12 and poor outcomes in women with early breast cancer. 13 Collectively, this evidence leads to the hypothesis that adiponectin may act as a molecular mediator linking excess adiposity with carcinogenesis. 7 We recently found that low levels of adiponectin in premenopausal women at high risk for breast cancer increased the risk of breast neoplastic events by 12% (P ¼ 0.03). 14 Notably, we also confirmed the association between adiponectin, obesity and insulin resistance, since we observed an inverse correlation of adiponectin with BMI and the Homeostasis Model Assessment (HOMA) index, a measure of insulin resistance.
The first observation linking adiponectin to breast cancer was reported by Miyoshi et al. 15 who suggested that low serum adiponectin levels were associated with an increased breast cancer risk and possibly with a more aggressive breast cancer phenotype. Over the past decade, many authors have investigated the association between adiponectin and breast cancer in case-control [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and cohort studies. 32, 33 We have conducted a meta-analysis in order to verify whether a systematic revision of the literature and a summary relative risk (SRR) estimate of published data, with quantitative assessment of between-study heterogeneity, supports the role of circulating adiponectin as a biomarker of breast cancer risk.
Methods
Pre-defined protocol , and the Cochrane collaboration databases (http:// www.cochrane.org). All searches were carried out using the MeSH terms 'breast neoplasms' or 'breast cancer', each combined with one of the following: 'adiponectin', 'ACDC', 'ADPN', 'APM1', 'APM-1', 'GBP28', 'ACRP30' or 'ADIPOQ'. We also performed manual searches of the references cited in our retrieved articles and in earlier reviews on the topic.
including original data, and editorials were not considered eligible. No language or geographical restriction was applied.
After assessing whether the titles of the identified articles could meet our primary inclusion criteria, we checked the relevance of the corresponding abstracts and retrieved full copies of the manuscripts; these were then independently read by at least two investigators.
We then selected only those studies that: (i) reported sufficient information to estimate the relative risk and the 95% confidence intervals (CI) for the different quantiles (or at least for the upper quantile), used to categorize adiponectin serum levels (odds ratios, relative risks or crude data, and corresponding standard errors, variance, confidence intervals or P-values of the significance of the estimates); and (ii) were independent and did not duplicate previously published results. In the case of multiple articles on the same population, results from the study including the largest number of subjects were used.
Finally, studies with the following features were excluded: (i) studies reporting breast cancer recurrence risk estimates among cancer patients; and (ii) studies reporting breast cancer mortality risk estimates. Review articles not reporting original data were also excluded, although they were checked for useful references.
A standardized data-collection protocol was used for gathering the relevant information from each selected article.
Data extraction
Data were extracted by one investigator using a predefined database. The resulting table was then verified by a second investigator and by the statistician who performed the meta-analysis. Laboratory assays used to measure adiponectin levels were recorded. The most adjusted relative risk estimate was always used. Data extraction also included key study characteristics such as the type of stratified analysis performed (e.g. by menopausal status), and the confounding factors that were adjusted for in the analysis.
Statistical analysis
Since cancer is a relatively rare disease, we ignored the distinction between the various estimates of relative risk (i.e. odds ratio (OR), rate ratio, risk ratio), and all measures were interpreted as relative risk. 35 Every measure of association, adjusted for the maximum number of confounding variables, and the corresponding confidence intervals, were transformed into log relative risks. The corresponding variance was calculated using the formula proposed by Greenland. 35 When no estimates were given, crude estimates were calculated from tabular data. Woolf's formula was used to evaluate the standard error of the log relative risk. First of all, we computed the SRR estimates for the 'highest' vs the 'lowest' category of baseline adiponectin concentration. When the information was available, we also calculated the summary estimates of the dose-response effect of adiponectin levels on breast cancer risk. The procedure is based on two steps: first, a linear model was fitted within each study to estimate the relative risk per unit of adiponectin increase. When sufficient information was published (i.e. the number of subjects at each serum level category), the model was fitted according to the method proposed by Greenland and Longnecker. 37 This method provides the natural logarithm of the relative risk, and an estimate of its standard error, taking into account that the estimates for separate categories are referred to the same reference category. When the number of subjects in each serum level category was not available from the publications, coefficients were calculated discounting the correlation between the estimates of risk at the separate exposure levels. Second, the SRR was estimated by pooling the different study-specific estimates using the random effect models as described by van Houwelingen et al., 38 with summary effect size obtained from the estimation of maximum likelihood. Confidence intervals were computed assuming an underlying t-distribution and using PROC MIXED in SAS [SAS Institute Inc. SAS Windows version (8.02), 1999, Cary, NC]. Publication bias was graphically assessed using a funnel plot and the Macaskill test, 39 which is more powerful when less than 20 estimates are included in the analysis. The final summary relative risks represent the breast cancer risk associated with 1 or 3 mg/ml increment of adiponectin.
Heterogeneity and sensitivity analyses
To assess the influence of possible sources of bias, we followed the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) checklist for observational epidemiological studies. 40 Accordingly, using meta-regression, we evaluated between-study heterogeneity by assessing the influence of different study features, such as study population and study design, assessment of adiponectin level, suitability of statistical methods and appropriate reporting of results.
To evaluate the stability of the pooled estimates, we also examined changes in results after the exclusion of specific studies.
Meta-regressions and subgroup analyses were carried out to quantify the between-study heterogeneity. Heterogeneity was investigated by considering all the possible factors that could influence the estimates (publication year, study design, geographical location, assays used for adiponectin determination, serum adiponectin levels before breast cancer diagnosis, adjustment for confounding factors and population characteristics). Finally, analyses by menopausal status were also conducted.
Results
The flow diagram for study inclusion in the meta-analysis is shown in Figure 1 . A total of 22 articles were retrieved and checked for relevance in terms of intervention, population studied, and reporting of breast cancer incidence/mortality data. All articles were in English. Seven articles were not included for the following reasons: Chen et al., 17 Gulcelik et al. 41 and Dalamaga et al. 42 because no information was published to calculate the risk estimate; Duggan et al. 32 because their endpoint was breast cancer mortality; AlDelaimy et al. 26 and Oh et al. 33 because their endpoint was breast cancer recurrence among breast cancer patients; and Al Awadhi et al. 27 because contradictory results were reported in the tables (reference 27: Table III and Table IV) . Furthermore, since Mantzoros and colleagues 16 presented the OR related to a change in serum adiponectin levels by one marginal quintile of the storage durationadjusted measurements, we re-calculated it from the original crude data in order to be consistent with the risk estimates derived from the other studies. Overall, we included estimates from 15 studies that presented data on the association between adiponectin and breast cancer risk. [14] [15] [16] [18] [19] [20] [21] [22] [23] [24] [25] [28] [29] [30] [31] The characteristics of these studies are summarized in 16, [18] [19] [20] 29 and by means of a multiplex assay in two studies. 24, 30 In only one article was the published OR not adjusted for the BMI, 25 but the authors stated that there were no differences in BMI between cases and controls. Furthermore, the OR from Mantzoros et al. 16 was not adjusted for any confounder, and we had to recalculate it. Seven studies presented the estimates by menopausal status. 14, 15, 18, 20, 24, 29, 31 Ten studies were included in the dose-response analysis. 
Summary estimates
The SRR for the 'highest' vs the 'lowest' circulating adiponectin levels indicate a 34% reduction in breast cancer risk (95% CI: 13%-50%), as shown in the forest plot ( Figure 2 ). An inverse relationship was also found when considering the dose-response relationship: the SRR was 0.982 (95% CI: 0.967-0.998) for an increase of 1 unit of adiponectin, which corresponds to a 5% reduction in risk (95% CI: 1%-9%) for an increase of 3 mg/ml. We performed a subgroup analysis by menopausal status. The published ORs by adiponectin levels are reported in Table 2 . Four studies presented the estimates in premenopausal women for a total of 566 cases, and six studies reported the estimates in postmenopausal women for a total of 2281 cases. We found a trend for an inverse association comparing the 'highest' vs the 'lowest' levels of adiponectin in postmenopausal women (SRR ¼ 0.80; 95% CI: 0.63-1.01) and an indication of an inverse relationship in premenopausal women (SRR ¼ 0.72; 95% CI: 0.30-1.72).
We used subgroup, meta-regression and sensitivity analyses to evaluate the influence of single studies or The following subjects were excluded from the analysis: 171 cases and 214 controls with unknown menopausal status; 132 cases and 167 controls who were premenopausal at blood collection time point and postmenopausal at cancer diagnosis time point.
c
We re-calculated the OR adjusting for BMI in order to be consistent with adjustments of other studies and to reduce between-study heterogeneity.
fa ctors that might modify this association, such as age, menopausal status, adjustment for BMI, study design, publication year, country, assay method, and assessment of adiponectin serum levels before diagnosis. None of the factors or single studies significantly affected the SRRs. In Table 3 we report the SRR from subgroup analyses performed by study design, assay methods and adjustment for confounders that may have introduced considerable heterogeneity into the study results. The SRR did not substantially change between case-control and nested case-control and/or cohort studies (P ¼ 0.20), between ELISA and other assay methods (P ¼ 0.76), or whether an adjustment for menopausal status was carried out for risk estimates (P ¼ 0.72). However, interestingly, the reduction in risk was greater among case-control studies than among cohorts or nested case-control studies. Furthermore, sensitivity analyses excluding studies with particular features, e. g. those presenting risk estimates unadjusted for any confounder, did not change our results. Between-study heterogeneity was not substantial (I 2 ¼ 53%) and we did not find any evidence of publication bias (data not shown).
Discussion
The results of this meta-analysis indicate an inverse association between circulating adiponectin levels and breast cancer risk, showing a 34% reduction in risk for the 'highest' vs the 'lowest' circulating adiponectin levels and a 5% reduction in risk for an increase of 3 mg/ml of adiponectin in the dose-response analysis. We observed a moderate level of heterogeneity across the studies included in the meta-analysis (I 2 ¼ 53%) and no evidence of publication bias, suggesting a good reliability of our results. The three studies that increased the between-study heterogeneity are those that showed strongly inverse associations. 15, 19, 25 In order to investigate the influence of study features, we identified several characteristics such as study design, assay methods for the analysis of adiponectin, and population characteristics, as factors that may add variability to the results. We evaluated their influence on between-study heterogeneity through meta-regression and subgroup analyses. We did not observe any difference among all the analysed factors. However, the inverse association between adiponectin and breast cancer was attenuated in the nested case-control and cohort studies compared with casecontrol studies. Even though we found no substantial heterogeneity and none of the analysed factors introduced important variability, in order to be conservative we calculated our summary estimates using the random effect models that take into account between-study variations.
Increasing evidence in the literature supports the association between adiponectin and breast cancer risk.
Two previous meta-analyses on this topic 43, 44 were recently published. Ye et al. 43 presented summary standard mean difference (SMD) values of circulating adiponectin levels between breast cancer cases and controls. They found that serum total adiponectin concentrations were significantly lower in patients with breast cancer, with a pooled SMD of -0.39 mg/ml (95% CI: À0.618-À0.161, P ¼ 0.001). They did not find a significant difference among premenopausal women; however, the reported estimates were not adjusted for confounders and SMD cannot be interpreted as a risk measure. Overall, Liu et al. 44 did not find a significant breast cancer increased risk comparing the 'highest' vs the 'lowest' adiponectin levels. However, in our meta-analysis we summarized a higher number of studies (15 vs 13), events (4249 vs 3578) and comparable estimates. Indeed, we excluded a study that did not compare 'highest' vs 'lowest' adiponectin levels 21 and a study with inconsistent data. 27 Thus, we were able to increase the statistical power of the analysis with lower heterogeneity compared with Liu et al.
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Interestingly, adiponectin levels have been reported to be correlated with factors such as obesity and insulin resistance which have been associated with breast cancer risk and prognosis. 5, [45] [46] [47] Indeed, adiponectin levels have been shown to be inversely related to both BMI 14, 15, 17, 18, 20, 21, 23, 25, 27, 29, 31, 32, 48 and HOMA index. 14, 27, 32 Adiponectin levels have also been inversely associated with C-reactive protein, estradiol, dehydroepiandrosterone, estrone and testosterone, 18, 24, [30] [31] [32] and positively linked to follicle-stimulating hormone, sex hormone-binding globulin and high-density lipoprotein cholesterol, 14, 24, 27, 30 which have been associated with breast cancer risk and progression. In our analysis by menopausal status, we only found a weak inverse association between adiponectin levels and postmenopausal breast cancer risk. The association between adiponectin and premenopausal breast cancer risk was in the same direction, but it was not significant probably due to the limited number of subjects analysed.
Many authors have investigated whether the relationship between adiponectin and breast cancer varied by tumour stage or grade, size, molecular subtypes or lymph Interestingly, an increased risk of ER-negative breast cancer in patients with lower adiponectin levels has been reported. 15, 22 In a study on breast cancer patients, a 2.82-fold higher risk of breast cancer recurrence was found in ER/PR-negative but not in ER/PR-positive breast cancer patients with the lowest adiponectin levels. 33 Recently, Duggan et al. 50 reported that adiponectin levels above the median were associated with a 61% decrease in risk of breast cancer mortality, although no significant effect on all-cause mortality was observed. Different mechanisms of action by which adiponectin may reduce the risk of breast cancer development and progression have been proposed and reviewed. 51, 52 These include the reduction of aromatase activity and local estrogen production resulting in cell proliferation decrease, the reduction of cell motility and angiogenesis, the enhancement of cell differentiation, and the induction of apoptosis with consequent inhibition of tumour growth. 51, 52 Many pharmacological and non-pharmacological interventions have been shown to influence adiponectin levels. It was reported that weight loss by a low calorie diet combined with physical exercise induced an increase in adiponectin levels ranging from 18% to 48%. 53 However, a weight loss greater than 7% is needed to increase adiponectin levels with calorie intake restriction. 53, 54 Similarly, medical interventions for weight loss, such as orlistat or bariatric surgery, have been shown to increase adiponectin levels. 54 Daily intake of fish or omega-3 supplements and dietary fibre supplementation have been reported to increase adiponectin levels by about 14-60% and 60-115%, respectively. 53 Among pharmacological interventions that influence adipose tissue functions, some anti-diabetic, antihypertensive, anti-inflammatory and lipid-lowering drugs have been shown to increase adiponectin levels. 54 A review of molecular pathways related to adiponectin signalling in cancer, illustrating potential key components for therapeutic intervention, was recently published. 55 Interestingly, most of the interventions that increase adiponectin levels have been also associated with reduced breast cancer risk.
Our results suggest an intriguing association between low levels of circulating adiponectin and increased breast cancer risk. However, this is a meta-analysis of observational studies, which may have not been completely controlled for confounders. Further ad hoc studies should be designed to investigate the association between adiponectin and breast cancer risk. We need to establish the optimal level of adiponectin or the increase in adiponectin concentration that can have a protective effect against breast cancer. In addition, clinical trials should be carried out to identify those interventions that may increase circulating adiponectin levels and reduce breast cancer risk.
Overall, these data suggest a possible role of adiponectin as a biomarker of breast cancer risk, which could be helpful in identifying subjects at high risk for breast cancer occurrence who may benefit from preventive treatments.
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